Compression of electron pulses with terahertz radiation offers short pulse durations and intrinsic subcycle stability in time. We report the generation of 12-fs (rms), 28-fs (FWHM) electron pulses at a kinetic energy of 75 keV by using single-cycle terahertz radiation and a simple planar mirror. The mirror interface provides transverse velocity matching and spatially uniform compression in time with purely longitudinal field-electron interaction. The measured short-term and long-term temporal drifts are substantially below the pulse duration without any active synchronization. A simple phase-space model explains the measured temporal focusing dynamics for different compressor strengths and shows a path toward generating isolated attosecond electron pulses from beams of almost arbitrary transverse emittance.
I. INTRODUCTION
Robust and reliable methods for generating femtosecond and attosecond electron pulses are key to studying atomic and electronic processes in matter on their fundamental length and time scales. Ultrafast electron microscopy and diffraction [1, 2] allow for observing ultrafast processes on femtosecond and subnanometer levels. The techniques have already elucidated numerous ultrafast solid-state phenomena on subpicosecond time scales [3] [4] [5] [6] , and subfemtosecond phenomena await investigation [7, 8] . Proof-of-principle diffraction and microscopy with electron-pulse trains [9] indicate the practicability of this attosecond-Angstrom regime.
For pump-probe geometries with isolated pulses, time resolution is limited by the duration of the electron pulses and their stability in time with respect to the optical excitation. Recent approaches for electron-pulse compression and metrology use terahertz single-cycle pulses [10, 11] instead of microwave radiation [12] [13] [14] [15] . * peter.baum@lmu.de
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This concept largely circumvents temporal synchronization issues because an entire experiment can be operated in an all-optical way by a single laser source. In addition, terahertz radiation has been used for acceleration [11, 16] , streaking and deflection [10, 11] , focusing [11] , and tilting [17] of electron pulses. There is also growing interest in applying terahertz techniques for the modulation of relativistic electron beams [18] [19] [20] . Waveguides or resonant structures are usually applied for mediating the terahertz-electron interaction. Although such structures can provide field enhancement and phase-matched propagation, their size limits the maximum acceptable electron-beam diameter. Therefore, it has been difficult to compress the rather large and highemittance electron beams of table-top experiments or linear electron accelerators down to few-femtoseconds duration.
We demonstrate the use of a simple planar membrane mirror in combination with a high-acceleration electron source for terahertz-based electron-pulse compression. The mirror provides transverse phase matching over an almost arbitrarily large electron beam size and the lasertriggered high-field electron source minimizes the effects of nonlinearities in the time domain. In the experiment, we compress few-electron pulses from a simple planar photocathode to durations of 12 fs (rms) or 28 fs (FWHM). These values are on par with state-of-the-art microwave compression techniques [15, 21] , but without the need for active synchronization [22, 23] . Figure 1 (a) depicts the experimental setup. Electron pulses are emitted from a gold-coated photocathode by the second harmonic of 270-fs-long laser pulses from a Yb:YAG laser (Pharos, Light Conversion Inc.) at a repetition rate of 50 kHz. The electron source is of compact design, featuring a high electrostatic acceleration field close to the breakdown limit [24] . Carefully polished gun parts and a gap-free contact between the sapphire cathode and the metal construction ensure stable gun operation without field emission or arcing. The electron pulses are accelerated to a kinetic energy of 75 keV over a distance of 11 mm. The laser spot size on the cathode is roughly 5 µm (FWHM). To avoid space-charge effects, we reduce the average number of emitted electrons per pulse to approximately 3. The temporal shape of such a few-electrons pulse and its duration are understood as the probability distribution of the individual electron's arrival time at a certain position [25] . It is obtained from averaging over repetitive measurements. The electron-pulse duration at a distance of 0.9 m behind the gun is 490 fs (FWHM), measured by terahertz streaking [10] . A magnetic solenoid lens is placed 12 cm after the gun exit and aligned collinearly to the beam axis [26] . Terahertz single-cycle pulses for compression and subsequent streaking metrology are generated at a central frequency of 0.4 THz in two separate LiNbO 3 slabs with silicon prisms as output couplers [27] . Pump powers of approximately 3 W and 12 W are needed for compression and streaking, respectively. Compression of the electron pulses is enabled by intersecting the electron beam with one of the two terahertz beams at approximately 90°on an ultrathin aluminum mirror membrane located 0.4 m behind the electron source [see Fig. 1(a) ]. The mirror is thin enough to transmit the electron beam, but thick enough to efficiently reflect the terahertz radiation. To find the best mirror for our experiment, we measure the amplitude of the terahertz-induced, time-dependent electron-pulse deflection of four different mirror membranes. Figure 1 (b) depicts the relative strength of the interaction as a function of aluminum layer thickness. The strength of the deflection is proportional to the amount of longitudinal acceleration or deceleration [17] . We find that an aluminum layer as thin as 5-10 nm is sufficient, although it is >10 4 times thinner than a terahertz wavelength. This observation is in agreement with conductivity measurements of thin aluminum films at terahertz frequencies [28] . Simulations show that single atomic layers such as graphene might also be applicable [29] . In the experiment, the 10-nm-thick aluminum layer is supported by a freestanding, 10-nm-thick Si 3 N 4 membrane for mechanical stability [see inset of Fig. 1(b) ]. The useful aperture is 1.5 × 1.5 mm 2 and the electron transmission for perpendicular incidence is approximately 0.7.
II. CONCEPT AND EXPERIMENTAL SETUP
At a distance of 0.5 m after the compression stage, the electron pulses are characterized in time by terahertz streaking [10] at a collinearly excited bow-tie-shaped terahertz resonator with a clear aperture of 80 µm. We use the magnetic lens to focus through the compression element and through the bow-tie resonator via an intermediate beam waist in front of the screen. There are no electrooptical elements between the compression and the streaking stage in order to avoid potential temporal distortions [30] . Different apertures of 25-50 µm in diameter in front of the bow-tie resonator allow us to trade signal intensity for temporal-streaking resolution. Figure 1 (c) depicts the compression dynamics in longitudinal phase space. The trailing part of an initial electron pulse is accelerated and its leading part is decelerated, while the mean velocity is left unaltered. The initially trailing parts catch up with the previously leading parts of the pulse at a location of the shortest pulse duration called the temporal focus. If the incoming electron pulse is shorter than half a modulation cycle, we obtain a single, isolated time-compressed pulse [10] . Our planar mirror provides the required, time-dependent electron momentum modulation by letting the electrons abruptly enter the electromagnetic field within a time much shorter than a cycle period [31, 32] . The final net momentum kick p is given by the time-integrated Lorentz force acting on the particle until the terahertz field has passed. For a p-polarized plane wave of peak electric field strength E 0 and optical angular frequency ω, an analytic derivation yields p ∝ E 0 sin(ωt)/ω, where t is the electron arrival time at the mirror relative to the crest of the wave; the proportionality constant depends on the electron and optical incidence angle [17] . A cosine-shaped terahertz pulse (carrier envelope phase equal to zero) is, therefore, required for efficient electron-pulse compression. It provides a sine-like momentum modulation that is approximately linear around its zero crossing [17] . To this end, we convert the sine-like terahertz pulses emerging from the LiNbO 3 crystal (carrier envelope phase near ±π/2) into cosine-shaped pulses at the compression element by accurately adjusting the focusing conditions and in particular the Gouy phase. The size of the terahertz beam waist at the mirror is 2.8 mm (FWHM), which is considerably larger than the electron beam. The terahertz phase fronts are, therefore, approximately planar in the region overlapping with the electrons.
Realistic electron beams have a finite emittance and hence a finite beam diameter, for example, approximately 1 mm at the compressor stage in our experiment. It is, therefore, necessary to consider the compression dynamics as a function of the transverse coordinate. For planar elements, there is a certain combination of electron incidence angle θ e and terahertz incidence angle θ THz for which momentum modulation and hence compression is independent of the spatial electron-beam profile. This configuration is called the (transverse) velocity-matching condition [32] , namely, c/ sin θ THz = v e / sin θ e , where v e is the electron velocity and c is the speed of light [17] . At these angles, the phase velocity of the terahertz pulses matches the velocity of the electron incidence along the mirror surface. This velocity-matching condition coincides with the absence of time-dependent transverse momentum transfer, and thus the net modulation is purely longitudinal and spatially homogeneous [17] . The entire electron beam is, therefore, compressed into isolated, short, and nontilted electron pulses at the temporal focus. We note that a similar condition of spatially homogenous interaction cannot be found for sideways deflection because net transverse momentum changes are absent in a velocitymatched mirror configuration [17] . The planar membrane is, therefore, ideal for electron-pulse compression while a microstructured resonator is ideal for their temporal analysis.
III. RESULTS ON PULSE COMPRESSION
In the experiment, we first adjust the timing of electron and terahertz pulses at the compression and streaking stages to zero crossings of the modulation [10] . We then vary the field strength at the compression mirror until the shortest electron pulses are observed at the streaking stage. Figure 2(a) depicts the measured streaking profiles as a function of compressor field strength. Temporal focusing is evident by the formation of a waist of the pulse duration for the optimum compression strength (peak field of approximately 3 × 10 5 V/m). We observe that the temporal pulse profile is different when the electron pulses are under compressed (relative field strength < 1) as compared to over compression (relative field strength > 1), where a doublepeak structure emerges. This effect has been observed before [10, 11] and is a direct consequence of the remaining temporal nonlinearities of the compression field [33] . At highest compression strength, these two peaks also have slightly different intensities because the curvature of the terahertz-modulation cycle is slightly different before and after the zero crossing. There is also a small background intensity for positive times in Fig. 2(a) , which is reproducible and a consequence of electron energy loss due to inelastic scattering at the membrane mirror [34] . terahertz-induced momentum transfer is much smaller than the central electron momentum. The initial electron pulse is assumed to be uncorrelated in energy and time, which neglects the dynamics of acceleration within the gun [35] . We find that an initial pulse duration of 490 fs (FWHM), a modulation frequency of 0.4 THz, and an energy width of 1.3 eV (FWHM) yield the best overall agreement with our measured data [compare with Fig. 2(a) ]. The energy spread of 1.3 eV may be caused by a work-function mismatch [36] , inhomogeneous emission sites, inelastic scattering at the Al/SiN membrane, or fluctuations of the acceleration voltage.
In Fig. 2(c) , we plot the measured pulse duration (blue dots) with increasing compressor field strength, compared to the simulation results (red dashed line). As expected, the pulses first compress and later overcompress as a function of the applied field strength, which agrees very well with the simulated pulse durations. The electron pulses are shortened in time by a factor of approximately 17. Figure 2 (d) reports the electron-pulse shape and duration at the best compression strength. The blue dots show the measured streaking profile. It is narrow, but shows a nonGaussian shape and asymmetric wings. These wings are also present in the compressed but nonstreaked electronbeam profile (dashed line) and caused by elastic and inelastic electron scattering in the Al foil of the compressor; they can, in principle, be minimized by appropriate aperture and imaging settings. In general, the measured streaking profile is a convolution of the actual temporal profile of the electron pulses and the transverse beam profile. To retrieve the electron-pulse duration, we employ an evaluation that was also used by Maxson et al. [21] . We fit the data points (blue) with a convolution of an assumed Gaussian temporal shape for the electron pulses with the measured transverse electron-beam profile (black dashed line). The fitting curve [red line in Fig. 2(d) ] closely matches the experiment (blue dots). The retrieved electron-pulse profile plotted in orange has a duration of (28.3 ± 0.5) fs (FWHM) or (12.0 ± 0.2) fs (rms). Alternatively, deconvolution using a Wiener filter yields approximately 25 fs (FWHM). A second experiment with a 25-µm instead of a 50-µm beamlimiting aperture in the streaking setup yields the exact same fit result of 12.0 fs (rms). This observation indicates that the electron pulses are compressed independently of the beam size, as expected from the velocity-matched mirror configuration.
IV. TIMING STABILITY
A central benefit of all-optical terahertz compression as compared to microwave approaches is the expected passive stability in time [10] . Here, we report a jitter and drift characterization over three typical time scales. Figure 3(a) shows the long-term drifts T derived from repetitively acquired streaking traces and their center positions on the screen for the best pulse-compression settings. Each data point is averaged for 20 s. We measure a standard deviation of 3.7 fs without observing systematic timing drifts over 12 h. This result is obtained without employing any kind of active timing stabilization. Faster fluctuations are measured with the help of electronically driven capacitor plates behind the streaking resonator that deflect the electron beam perpendicularly to the streaking axis, that is, along the y axis [see Fig. 1(a) ]. This instrumentation allows us to measure timing fluctuations with millisecond resolution, limited mainly by the average electron current. Fig. 3(c) , inset]. We attribute the remaining timing fluctuations to pointing variations of the terahertz-pump beams and/or high-voltage instabilities of the electron acceleration. All of the measured timing fluctuations are clearly below the pulse duration. The reported mirror-based terahertz compression concept thus enables low-dose, fewelectrons diffraction [37] and microscopy [1] at the highest temporal resolution, even for measuring times of several hours.
V. DISCUSSION
The compressed electron pulses are 2-3 times shorter than those achieved with terahertz compression at bow-tie resonators [10] or other more elaborate interaction elements [11] . The advancement by a factor of 2-3 over our previous results [10, 17] is a consequence of the dedicated mirror design with highest electron transmission and lowest electron energy losses combined with a substantially improved electron source [24] .
The mirror compressor concept offers a clear perspective to enter the subfemtosecond regime with isolated electron pulses instead of pulse trains [9, 38, 39] . We first consider the potential influence of temporal nonlinearities of the compressing THz cycle. Figure 4(a) shows a simulation of compressed electron-pulse profiles obtained by the phasespace model when changing the electron-pulse durations at the compressor. Longer pulses result in stronger deviations from a Gaussian shape, caused by temporal nonlinearities of the terahertz modulation. Nevertheless, the FWHM pulse duration is hardly affected and only the peak electron current decreases while the background comes up. The final pulse duration in the modeled experimental geometry is rather dominated by the initial energy spread. Therefore, we next consider the influence of kinetic energy and bandwidth of the photoemission process on the compressed electron-pulse duration. Figure 4 (b) shows compressed pulse durations for different uncorrelated electron-energy spreads as a function of kinetic energy. We simulate two different compressorstreaking distances while keeping the initial pulse duration fixed to 490 fs. For a photocathode bandwidth of 0.5 eV [36, 40] , the model predicts a final pulse duration of approximately 10 fs (FWHM) for the reported experimental configuration (blue solid line). Higher electron energies are also beneficial. Shortening the temporal focus distance from 50 to 10 cm at electron energies of 100-200 keV breaks the 1-fs barrier. The required terahertz field strength on the order of 3 × 10 6 V/m [17] for this case is realistically achievable [11] . We note that phase-space correlations due to acceleration in the electron gun are neglected in our model, and the above results are, therefore, the upper limits. In a multistage compressor as outlined in Ref. [10] , the terahertz-driven planar mirror could serve to inject subcycle electron pulses into a higher-frequency compression stage [9, 38, 39] . The final pulse duration in such a multistage compressor is expected to be largely independent of residual jitter in the terahertz stage [39] .
In summary, terahertz compression of electron pulses with the help of a planar mirror membrane is insensitive to electron-beam-size effects and provides a uniform, passively stable, and purely longitudinal momentum modulation. A state-of-the-art electron source minimizes temporal nonlinearities and reduces background in the temporal pulse profile. The generated electron pulses with their sub-30-fs duration (FWHM) should be directly suitable for pump-probe investigations of fastest atomic and electron motion, for example, fundamental phonon modes [41, 42] or metamaterial dynamics [43] .
